The effect of changing the ratio of aluminium diethyl phosphinate (as Exolit OP 1230) and zinc stannate (as Flamtard S) present within a glass-reinforced high temperature polyamide (HTPA/GF) at a constant total flame retardant level of 15 wt% is shown to have fire performance properties that depend on the ratio of both these agents. Aluminium diethyl phosphinate (AlPi) alone at 15 wt% gives LOI>40 vol% and a V-0 rating. The introduction of zinc stannate (ZS) at levels up to 3.75 wt% maintains the LOI at about 40 vol% and the V-0 rating. Similarly, glow wire ignition temperatures and cone calorimetry results, in terms of minimal peak heat release rate, show that optimum fire performance also occurs at 
INTRODUCTION
The need for halogen-free flame retardants present at relatively low concentrations, preferably 20 wt% or less, is increasing as engineering polymers such as the high temperature polyamides (HTPA) become a preferred matrix for electronic components which must demonstrate high electrical insulation properties at temperatures above ambient coupled with excellent physical and tensile properties.
HTPAs comprise aliphatic and aromatic comonomeric repeats which, while ensuring higher levels of temperature and physical performance in the solid state, are also melt processible at temperatures usually in the range 320-330 o C where many brominated flame retardants start to degrade.
Furthermore, the need for minimal flame retardant concentrations is required if mechanical properties reflecting those of the pure polymer (usually reinforced by glass fibre) is to be maintained. Minimising the overall flame retardant concentration will depend on a number of factors including single flame retardant effectiveness and the possibility of using flame retardant mixtures where one of the components may be a synergist.
A R Horrocks †, G Smart, S. Hörold, W.Wanzke, E. Schlosser and J. Williams; Polymer Degradation and Stability 104 (2014) 95-103 4 UL94 "Fail", the two together produced an LOI value of 23.7 vol% and a UL94 test "Fail" which suggested some degree of antagonism between the two flame retardants, However on addition of zinc stannate at 7.5 wt%, the overall flame retardancy improved yielding LOI=26.5 vol% and a restoration of the UL94 rating to V-2.
In this same work, we investigated combinations of ZS and AlPi (as Exolit OP1312, Clariant) in PA6 at respective levels of 6.6-8.9 wt% and 7.5-10.0 wt% and noted that addition of ZS raised the LOI value by about 0.5 vol% and that char promotion was observed. This was corroborated by a considerable increase in TGA-derived residual char at 500 o C under nitrogen. However, UL94 testing still yielded a "Fail". It should be noted that Clariant recommend a minimum level of 15-20 wt% of their various aluminium diethyl phosphinate formulations [5, 6] in glass-filled aliphatic polyamides in order to achieve a UL94 V-0 rating.
Braun et al [7] have examined the flame retardant mechanism of AlPi in glass fibre-reinforced PA6. 6 and find that when present alone, the major flame retarding activity generally occurs in the gas phase.
However, they record that addition of melamine polyphosphate promotes condensed phase reaction by formation of a complex aluminium phosphate-based barrier layer that is further enhanced when zinc borate is present. Very recently this same group [8] reported the flame retardant effectiveness of aluminium diethyl phosphate in a glass-fibre-reinforced, high temperature copolyamide (Zytel HTN501, DuPont) comprising poly(hexamethylene diamine terephthalamide) and poly(2,methyl-pentamethylene terephthalamide) blocks. UL94 V-0 ratings were obtained at 15 wt% loadings of AlPi and flame retardant activity was observed to be mainly in the gas phase with some condensed phase activity occurring under oxidative conditions prior to polymer ignition.
In this work we examine the effect of adding zinc stannate together with aluminium diethyl phosphinate present at a total concentration of 15 wt% in a commercial high temperature polyamide containing 30 A R Horrocks †, G Smart, S. Hörold, W.Wanzke, E. Schlosser and J. Williams; Polymer Degradation and Stability 104 (2014) 95-103 5 wt% glass fibre. Both flammability properties in terms of LOI, UL94 and cone calorimetric behaviour are reported together with the engineering properties of tensile, impact and glow wire ignition (GWIT) behaviours.
EXPERIMENTAL AND MATERIALS

Materials
The high temperature polyamide (HTPA) used was Vestamid HT plus, a PA6T/66 copolymer manufactured by Evonik Industries AG which is stated to be a semi-crystalline HTPA stable at high temperature (melting point ~315 o C) with a high rigidity and tensile strength. This polymer was compounded in the process laboratories of Clariant with Vetrotex EC 10 glass fibre 995 (4.5 mm strand length / dia.=10 μm) to create a reinforced HPTA comprising 30 wt% glass fibre.
Flame retardants were Exolit 1230 (Clariant) which is based on AlPi and Flamtard S (William Blythe) comprising zinc stannate (ZS).
Experimental matrix and compounding
A standard formulation of 55 wt% HTPA, 30 wt% glass and 15 wt% FR, where FR represents the sum of concentrations of OP1230 and Flamard S, was selected as representative as typical for use in miniaturised electronic devices. Using experimental design software, matrix 1 in Table 1 was created and all samples were compounded in the order stated within the processing laboratories of Clariant BU Additives using a Leistritz ZSE 27HP-44D (Ø = 27 mm, 44 D), twin screw extruder with a barrel temperature range = 310 -330 ºC.
In addition, a second smaller matrix of formulations was produced comprising a compounded control sample comprising 70 wt% HPTA and 30 wt% glass fibre together with two subsequent samples having compositions determined following the analysis of the matrix 1 results. These comprised 55 wt% HPTA, A R Horrocks †, G Smart, S. Hörold, W.Wanzke, E. Schlosser and J. Williams; Polymer Degradation and Stability 104 (2014) 95-103 6 Run 8 in matrix 1) and 55 wt% HPTA, 30 wt% glass, 12.5 wt% OP1230 and 2.5 wt% Flamtard S. These matrix 2 samples were tested only for flammability behaviour.
Characterisation methods
A series of tests using standard procedures on appropriate specimen sizes prepared from compounded polymer samples based on those in the test matrix shown in Table 2 was undertaken.
Tests were carried out either in the laboratories of Clariant or the University of Bolton as designated in Table 2 .
With regard to cone calorimetric analysis, the main parameters recorded were time-to-ignition (TTI), total heat release (THR), peak heat release rate (PHRR), time to reach PHRR (TTP), total smoke release (TSR) and the derived smoke factor, SF (=TSR x PHRR) which is considered to reflect behaviour of samples when tested under smoke box conditions [9] . Smoke box parameters determined under both flaming and non-flaming conditions were the maximum optical density, Dsmax, time to reach Dsmax and optical density after 600s exposure, Ds600 at 50 kW/m 2 heat flux.
Thermogravimetric analysis (DTA/TGA) was undertaken using a TG Instruments SDT 2960 simultaneous DTA-TGA instrument with 15 ±2 mg samples, 20 deg C/min under nitrogen and air conditions.
RESULTS AND DISCUSSION
In all tables of results below samples are coded as AlPix/ZSy signifying the presence of x wt% diethyl aluminium phosphinate and y wt% zinc stannate. The degree of reproducibility of experimentation for sample formulations devised using experimental design software in Table 1 
Thermal analysis
Figure 1 From these curves and the mass loss data in Tables 3 and 4 for nitrogen and air respectively, it is evident that generally temperatures at 5 wt% (T5%) and 10 wt% (T10%) mass losses under nitrogen are greater than those in air as would be expected, whereas those for 50 wt% (T50%) are greater in air than under nitrogen. These observations confirm suggestions that the initial acceleration of chain scission reactions promoted by the presence of zinc stannate, AlPi or both is offset at temperatures approaching Since aluminium phosphate has a molecular weight of 122 compared with that for AlPi of 390, this equates to a maximum possible amount of 4.7 wt% in the residue of the AlPi15/ZS0 sample containing 15 wt% AlPi. Table 3 shows that under nitrogen at 500 o C, the additional residue is only 3 wt% after adding 15 wt% AlPi to HPTA/GF whereas from 
Flammability and smoke behaviour
All collated simple flammability and ignition test results are presented in Table 5 .
Limiting oxygen index
The LOI of the HTPA/glass fibre sample free of any flame retardant is 24.0 vol%. The results for all samples containing either zinc stannate, diethyl aluminium phosphinate or both are shown in Table 5 and plotted in Figure 3 . The previous value of 24.0 vol% in the absence of any flame retardant may be 
UL 94 results
UL94 test results are dependent on sample thickness with thinner samples (eg 0.8 mm) often giving lower ratings than thicker samples (eg 1.6 mm). Table 5 
Glow wire ignition temperature
The glow wire ignition temperature (GWIT) is defined as being that temperature which is 25°C higher than the maximum temperature of the tip of the glow wire which does not cause ignition of the material during three subsequent tests. During the test, the polymer specimen is held for 30 seconds against the tip of the glow wire with a force of 1 N. For electrical components in which polymers like HTPA are used, the GWIT should be at least 750 o C for equipment used under stringent and 850 o C for continuous conditions (see Table 2 , method EN 60695-2-13:2001). Results in Table 5 show that all samples A
Cone calorimetry
The cone calorimetry results undertaken at 50 kW/m 2 heat flux are shown in Table 6 and photographs of residues for the samples AlPi0/ZS15, AlPi7.5/ZS7.5 and AlPi15/ZS0 respectively are shown in Figures 4(a), (b) and (c) . The time-to-ignition results suggest that while zinc stannate presence alone reduces TTI slightly, the presence of diethyl aluminium phosphinate has the converse effect, although only when the AlPi level is above 7.5 wt% and approaching 11.25 wt% does it recover sufficiently to yield TTI>65s, the control sample value. The subsequent time-to-peak (TTP) values are in the main below that for the control sample (TTP=167s) although while the matrix 1 AlPi 11.25/ZS3.75 sample has TTI=115s, the repeat sample (matrix 2) has TTP=177s and the AlPi 12.5/ZS2.5 sample, TTP=195s. It is probable that both these high matrix 2 TTP values were because samples were compounded and tested several months after the matrix 1 samples. With regard to the residues presented in Figure 4 , the essentially white-coloured residue from sample AlPi0/ZS15 reflects the initial 15 wt% zinc stannate and 30 wt% glass fibre contents and the obvious Figure 5 (c).
Smoke
Smoke was measured both using the cone calorimeter (see Table 6 ) in terms of total smoke release (TSR) and smoke factor (SF) and using the NBS Smoke Box method according to ASTM E-662 in terms of the maximum smoke density value Dsmax, the smoke density after 600s, Ds600 and the time to reach Dsmax (see Table 7 ) under non-flaming and flaming conditions. Smoke box measurements were undertaken only on matrix 1 samples. ) to 810-820 MW/m 2 and yet maintain acceptable levels of flame retardancy in terms of achieving UL94 V-0 ratings (see Table 5 ). 
Tensile and Mechanical Properties
The tensile and impact test results for matrix 1 samples only are listed in Table 8 as a function of increasing aluminium diethyl phosphinate concentration and decreasing zinc stannate concentration.
Generally, it would appear that reducing the ZS content at the expense of an increased AlPi level, causes the respective tensile strength and elongation-at-break values to increase. E-modulus values appear to be less concentration dependent although are greatest when no zinc stannate is present.
However and more specifically, when used at low concentration with aluminium phosphinate, zinc stannate (2 -3wt%) maintains flame retardant performance at a UL94 V-0 rating and adds smoke suppression activity with no significant negative effect on mechanical properties.This
ratio versus tensile property effect is the converse of our earlier observations with respect to polyamide 6 [4] where we showed that the addition of zinc stannate to a number of formulations containing phosphorus-containing flame retardants counteracted any losses in tensile properties associated with their addition. zinc stannate or less maintain the highest performance levels.
CONCLUSIONS
The effect of changing the ratio of aluminium diethyl phosphinate (as Exolit OP 1230) and zinc stannate (as Flamtard S) present within a glass fibre-reinforced, high temperature polyamide at a constant flame retardant level of 15 wt% has been shown to have both flame retardant and fire performance properties that depend on the ratio of concentrations of both these agents. Aluminium diethyl phosphinate is reported by Clariant [5, 6] In conclusion, it is evident that while zinc stannate does not act as a flame retardant either when present alone or with aluminium diethyl phosphinate in an HPTA/GF formulation, if present at levels of less than about 5 wt%, it reduces both peak heat release rate and smoke generation. In addition, when present at 3.75% levels or less, zinc stannate has little or no negative effect on tensile and impact properties. Tables   Table 1: The initial experimental design matrix 1 Table 2 : Standard test procedures Table 3 : Thermogravimetric analytical properties of samples heated in nitrogen Table 4 : Thermogravimetric analytical properties of samples heated in air Table 5 : Collated results for LOI, UL94 and glow wire ignition (GWIT) tests 
Table and Figure Legends
